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ABSTRACT

In this study, a non-uniform inverted U-shaped Defected Ground Structure (DGS) was used to optimize a
dual-band, compact microstrip antenna for operation at 2.6 GHz and 3.5 GHz frequency bands, which are
widely used for sub-6 GHz 5G applications. Because the design of DGS-based antennas usually involves
iterative optimization and extensive full-wave simulations, an Efficient Quasi-Oppositional Grey Wolf
Optimizer (EQOGWO) is proposed to reduce the computational cost. The EQOGWO achieves high-
quality solutions with fewer evaluations than the Grey Wolf Optimizer (GWO). The antenna comprises
symmetrical open slots on a rectangular patch and an L-shaped parasitic element. The designed antenna
attained a simulated S, value of -20.4 dB at 2.6 GHz and -25.69 dB at 3.5 GHz, meeting the target of a
maximum of —10 dB within the operating frequency ranges.

Keywords-Defected Ground Structure (DGS); Grey Wolf Optimizer (GWO); Efficient Quasi-Oppositional Grey

Wolf Optimizer (EQOGWO)

I.  INTRODUCTION

Compact antennas have become increasingly important in
today's highly connected world. However, achieving the
required performance often necessitates a Multiple-Input
Multiple-Output (MIMO) configuration, which further
increases the challenge of minimizing the antenna footprint.
When antennas cannot be sufficiently spaced due to
compactness constraints, various decoupling techniques can be
employed, such as adding isolation structures including a
neutralization line, a parasitic element, or a Defected Ground
Structure (DGS). In addition to reducing coupling, DGSs can
also be used for bandwidth enhancement and impedance
matching.

Iterative methods are often employed in designing DGSs
and antennas in general. Metaheuristic algorithms are widely
used because of lower relative computational cost and their
ability to avoid local optima. Some metaheuristics that have
been deployed in the design of antennas include Particle
Swarm Optimizer (PSO) in [1-4], Invasive Weed Optimizer
(IWO) in [5-7], Salp Swarm Algorithm (SSA) in [8] and Quasi-
Opposition-based Grey Wolf Optimizer (QOGWO) in [9].
Among these, the Grey Wolf Optimizer (GWO) has received
particular attention for electromagnetic optimization problems.

The GWO's performance was investigated in [10], where it
was successfully used to synthesize an array, design an E-
shaped microstrip antenna, and design a microstrip dipole. It
was found to perform well compared with other metaheuristics
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and is therefore suitable for electromagnetic optimization
problems.

Metaheuristic algorithms often face a tradeoff between
exploration and intensification, favoring one over the other.
Furthermore, optimization algorithms perform differently on
different types of problems: an optimizer that performs well on
one problem may perform poorly on another. To improve
performance, an optimizer can be hybridized with another
metaheuristic whose strengths complement its own. Various
improvements have been made on existing metaheuristic
optimization algorithms. For instance, in [11], crossover and
mutation operators, typical in Genetic Algorithms (GAs), were
used to improve the search diversity of the cuckoo search
algorithm. In [12], the Harris Hawks Algorithm (HHA) was
improved by adopting Opposition-Based Learning (OBL),
Lévy flight and chaotic logistic map.

The GWO may sometimes converge prematurely. This
problem has been addressed in literature such as [13] and [14],
where the parameter a in the original GWO, which governs the
transition from the exploration phase to exploitation phase by
decreasing linearly from 2 to 0, is modified to be non-linear.
Hybridization with another optimizer can also improve the
accuracy of the GWO, as demonstrated in [15], where the
hybrid Jaya-GWO was used to design an antenna for
application in 5G devices. Two E-shaped antennas were used
to test the algorithm, the first operating at 3.7 GHz and the
second at 26 GHz.

The GWO was originally introduced in [16], and OBL was
introduced in [17]. Quasi-oppositional learning, an
improvement on OBL, was introduced in [18], where
randomness was introduced into the selection of the opposite
solution. In [19], the dimensional diversity metric was
introduced and later used in [20] to develop operators for
managing population in a way that avoids stagnation while
enhancing exploitation efficiency. These operators were
applied to differential evolution.

Several antenna designs have been proposed in literature. In
[21], a four-element coplanar waveguide monopole was
designed to operate at 3.5 GHz, whereas in [22], a four-element
tri-band meander-line antenna with a partial ground was
designed. Unlike these designs, our proposed antenna uses a
full ground plane for easier embedding with other components
on a PCB. In [23-25], a base rectangular patch design is used,
after which DGSs and slots of various shapes are introduced to
enhance antenna performance, whereas in [26], slots are
introduced on a rectangular patch to enhance bandwidth and
efficiency. In [27], slots are loaded onto various microstrip
patch shapes to enhance their performance. In two of the
antenna elements of the design proposed in [25], top corner
slots are introduced on the radiator. Each element has a square
DGS on the ground plane to reduce coupling between MIMO
elements. Rectangular parasitic elements are also placed
between the antenna elements to reduce coupling. In contrast,
our proposed design features a rectangular patch with corner
slots and an L-shaped parasitic element, which affects the
resonant behavior of the antenna. Impedance matching is
further improved using a non-uniform inverted U-shaped DGS.

In this study, we use an Efficient Quasi-Oppositional Grey
Wolf Optimizer (EQOGWO), which serves the dual purpose of
improving the rate of convergence and avoiding premature
convergence by considering population diversity when
determining whether to evaluate the opposite solutions. The
optimizer is used to design a compact dual-band antenna
comprising an inverted U-shaped DGS, square slots, and an L-
shaped parasitic element.

The main contributions of this study are:

e A novel design of a compact dual-band antenna comprising
an inverted U-shaped DGS, square slots, and an L-shaped
parasitic element.

e An efficient version of the QOGWO for iterative DGS
design.

II.  ANTENNA DESIGN METHODOLOGY

This work follows an iterative design approach, where the
geometry of the antenna evolved over different stages. First, a
rectangular microstrip patch was designed using established
formulations for operation at the first frequency of interest.
Slots and a parasitic element were then introduced, leading to
the introduction of the second resonance mode. Finally, a DGS
was introduced on the ground plane to achieve dual-band
matching. This process is summarized in Figure 1.

—

Design of square Introduction of open

patch slots @
. 1 ti fL
Introduction of DGS ntroduction o

shaped parasitic
element

Fig. 1. Design stages of the proposed dual-band microstrip antenna.
To optimize the radiating structure for dual-band operation,
to position the DGS appropriately, and to determine the correct
dimensions for the different DGS sections, this work relied on
the EQOGWO. The optimization algorithm was implemented
in MATLAB, whereas Ansys HFSS was used as the
electromagnetic solver. To evaluate the fitness of each solution,
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the algorithm in MATLAB was interfaced with the HFSS
simulator so that, at every iteration, the antenna DGS
parameters in the simulator were updated and antenna
performance evaluated. The optimization process is as depicted
in Figure 2.
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Fig. 2. Flow chart of the antenna optimization process.

A. Antenna Geometry

The different stages of the design are described in the
following sections. The setup uses an FR4 substrate of 60 mm
x 60 mm x 6 mm and a ground plane of 60 mm x 60 mm. The
transmission line model was used to design the initial patch
using (1)—(4), elaborated in [28].

1) Rectangular Patch
The following procedure was used to obtain the initial

rectangular patch:

e The initial width was determined using (1):

= Co /L
W= 2fy A &r+1 M

where C, represents the speed of light in free space, f;
represents the center frequency, and &, represents the
dielectric constant.

o The effective dielectric constant was determined using (2):

&rt+1
greff = TZ +

&1
2

[1 + 12%]_%, W1 @

where h is the height or thickness of the substrate, W is the
width of the patch, and €., is the effective dielectric
constant.

e The change in electric length as a result of fringing was
determined using (3):

0.3)(%Y+0.264
AL _ 0,417 Crerrt )(“W ) 3)
h (sreff—o.zss)(7+0.8)

where AL represents the change in electric length.

e The patch length was then determined using (4).

:—CO —
L fees 2AL “4)

where L is the length of the patch.

e The final values for width and length were obtained through
optimization.

2) Symmetrical Open Slots

Symmetrical slots were cut on the top corners of the
rectangular patch. The slot length L,,, was chosen such that
L, <L, — Ly, where L, is the length of the initial patch and Lg
is the length of the feed-point slot. A parameter sweep of L,
was performed to identify a length that lowers the operating
frequency, indicating miniaturization of the patch resonance.
After this step, L, and W, (the length and width of the initial
patch) were further optimized to maintain the second resonance
at 3.5 GHz.

3) Parasitic Element

A quarter-wave L-shaped parasitic element was introduced,
and its parameters were optimized so that the antenna achieves
dual-band operation at 2.6 GHz and 3.5 GHz.

4) Defected Ground Structure

The DGS was designed iteratively using the procedure
summarized in Figure 2. The EQOGWO was implemented
using MATLAB. To evaluate the fitness of each solution, the
algorithm in MATLAB was interfaced with the Ansys HFSS
simulator, so that for every iteration, the DGS parameters in the
simulator were updated and the antenna performance
evaluated. The S-parameter data were then passed back to the
optimizer.

The objective function was defined as:

f =5,,(3.5GHz) + 10 X
| min(|S;; (2.6 GHz)| — 18,0)| (5)

where S;;(2.6 GHz) and S;;(3.5 GHz) represent the S-
parameters at 2.6 GHz and 3.5 GHz, respectively. The
parameter limits for the optimizations are given in Table 1.

TABLE L PARAMETER LIMITS FOR DGS OPTIMIZATION
Parameter Range (mm)
Ly 5-15
Wy 2-6
L, 2-16
w, 2-5
W, 2-6
Xp 20-40
Y, 16-20
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III. OPTIMIZATION ALGORITHM
The proposed algorithm is driven by two key ideas:

e Evaluation of the opposite of a candidate solution when the
likelihood that it will be fitter is high, leading to a more
efficient search.

e Evaluation of the opposite of a candidate solution when
there is a high likelihood of premature convergence, leading
to local optima avoidance.

The initial set of solutions is generated using Latin
Hypercube Sampling (LHS) to ensure a diverse initial
population and to provide a good initial value for diversity. The
pseudo code for the proposed EQOGWO is as described below.

EQOGWO pseudo code
Initialize population of candidate
solutions using LHS.
Initialize GWO parameters and set Maximum
Diversity to 0.
While termination criterion not met:

Compute Diversity using (13);

If Diversity > Maximum Diversity:

Make Diversity the new Maximum

Diversity;
End if
If random [0,1] > (1 - Diversity/Maximum
Diversity) and random [0,1] > (l1-Current

Iteration/Max Iterations):
Evaluate fitness of each candidate
solution;
Set Alpha, Beta, Delta using the
respective three best solutions;
Else
Evaluate fitness of each candidate
solution and its quasi-oppositional
point;
Replace candidate solution with its
opposite if the opposite is better;
Set Alpha, Beta, Delta using the
respective three best solutions;
End if
Determine next candidate solution using
GWO movement equations;
Increase iteration count;
End while
In the algorithm, the probability that the opposite point will
be evaluated, i.e. the jumping rate, is determined by relative
diversity and the phase of the optimization process, as
determined by Current Iteration and Maximum Iterations. The
rationale here is that the combination of relative diversity and
the ratio of Current Iteration to Maximum Iterations provides
an estimate of premature convergence, indicating when the
opposite point could yield a fitter solution.

Some key ideas from literature that have been incorporated
into the algorithm are described in the remainder of this
section.

A. Grey Wolf Optimizer

In the GWO, the movement of search agents, or wolves, is
governed by (6)—(9), which are defined and explained in [16]
as follows:

D=|C.X(t) - X (6)

where D represents the distance between the wolves and the
prey, ¢ represents a coefficient vector, XP represents the

position vector of the target, and X represents the position of
the wolves.

X(t+1)=X,(t)—A.D 7

where X (t + 1) represents the next position of the wolves, and
A is a coefficient vector.

A=2d.#%—ad ®)
E = 2. ‘FZ (9)
where 7; and 7, are random vectors that range between 0 and 1,

and d is initialized with a value of 2 and gradually reduced to

0. To implement the GWO, X p is replaced by Alpha, Beta, and
Delta, which are the three best candidate solutions at different
instances. The final solution is obtained by averaging the three
results.

B. Opposition-Based Learning and Quasi-Opposition-Based
Learning
The opposite point is defined in [17] as:

T=u+l—x (10)

where X represents the opposite of x, u is the upper bound, and
L is the lower bound.

The quasi-oppositional point, which introduces randomness
into the selection of the opposite solution, is defined in [18] as:

+l
ve (s an
where y is a random variable representing the quasi-
oppositional point.
C. Diversity
In [19], the dimensional diversity metric is defined as:

Div; = l - 1|median(x;) — x;;| (12)

Div = ZZ}’Ll Div; (13)

where x;; is the value of dimension j of search agent i, n is the
population of search agents, median(x]-) is the median value in
dimension j, and m is the number of dimensions.

IV.  PERFORMANCE OF THE OPTIMIZATION
ALGORITHM

To evaluate the performance of the EQOGWO, common
benchmark functions listed in Table II were used. Its average
performance on each function was compared with PSO, IWO,
Intelligent Grey Wolf Optimizer (IGWO), GWO, and
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QOGWO, with jumping rates set at jr = 0.3 and jr =0.6. The
functions in Table II vary in terms of modality and can
therefore be used to assess different properties of metaheuristic
algorithms, such as exploration ability, exploitation capability,
and ability to avoid local optima. Functions F1-F7 are
unimodal and provide information on the algorithm's
exploitation capability, whereas functions F8-F13 are
multimodal and offer insight into the algorithm's exploration
capabilities. They have been used in literature such as [16] to
evaluate performance of metaheuristic algorithms.

The evaluation was conducted using the following

e Maximum of 500 iterations for each trial, except for
EQOGWO and QOGWO, where the maximum iterations
were 250.

¢ 50 independent trials for each objective function,

e Maximum of 100 search agents for each optimization
algorithm.

The average score of each algorithm on the benchmark
functions is reported in Tables III-VI. Performance ranking
was performed using the Friedman test and tabulated in Tables
VII-X.

parameters:
TABLE IL BENCHMARK FUNCTIONS USED FOR OPTIMIZER EVALUATION
Function Formula Dimension Range Fu'n c‘tlon
minima
F1,Sphere nox? 30 [-100, 100] 0
F2, Schwefel PN e R | e 30 [-10, 10] 0
F3, Schwefel DS D x) 30 [-100, 100] 0
F4, Schwefel max{x;,1 <i<n} 30 [-100, 100] 0
F5, Generalized ne1 22 _ay2
Rosenbrock 211100 (41 — )% + (0, — 1)?] 30 [-30, 30] 0
F6, Step > (x; + 0.5)2 30 [-100, 100] 0
F7, Quartic >n  ixt + random[0,1) 30 [-1.28, 1.28] 0
FS’S(C}?“:;?SZ“ n, —xisin(V|x]) 30 [-500,500] | -418.9829
F9, Rastrigin * [x? — 10cos(2mx;) + 10] 30 [-5.12,5.12] 0
F10, Ackley —20exp (—0.2 /% 1 xf) —exp (% . cos(anl-)) 30 [-32, 32] 0
F11, Griewank —= 31, % — [T, cos (XT) +1 30 [-600, 600] 0
~{10sin(my,) + T — D? [1 + 10sin* (myr, )] + O — D} +
w1 u(x;,10,100,4),
. xi+1
F12, Gengrahzed y; =1 +T’ 30 [-50, 50] 0
penalized kG, —a)™ x;,>a
u(x,a,kkm)=4 0 —a< x<1
k(—x;—a)™ x;<-—a
0.1{sin*(3mx,) + X1 (x; — D? [1 + sin®(Brx; + D] + (x,, — D?[1 +
F13 sin 2me,)]} + X u(x;, 5,100,4) 30 [-30. 501 0
TABLE III. PERFORMANCE OF ALGORITHMS ON UNIMODAL BENCHMARK FUNCTIONS (FITNESS VALUES)
. EQOGWO QOGWO (250 QOGWO (250
Function GWO WO PSO (250 iterations) IGWO iterations, jr = 0.3) iterations, jr = 0.6)
Fl1 5.11E-41 | 2.16E+04 | 6.37E-31 4.21E-105 1.90E-38 1.41E-65 1.43E-124
F2 5.71E-24 0.046 1.61E-05 1.23E-55 1.88E-22 3.52E-37 1.46E-67
F3 5.76E-12 3.03E+04 1.4875 1.97E-82 5.03E-10 2.08E-47 8.95E-102
F4 2.07E-10 52.6592 0.1309 1.47E-45 2.41E-10 1.64E-27 3.84E-57
F5 26.52366 | 292.8737 33.174 26.77558444 26.27226418 26.5921874 26.66786388
F6 0.175478 | 2.08E+04 | 1.07E-30 0.492735809 0.142473393 0.346033459 0.38557141
F7 0.000553 0.0251 0.009 3.68E-05 0.000506802 3.59E-05 3.61E-05
TABLE IV. PERFORMANCE OF ALGORITHMS ON MULTIMODAL BENCHMARK FUNCTIONS (FITNESS VALUES)
. EQOGWO QOGWO (250 QOGWO (250
Function |~ GWO wo PSO (250 iterations) 1GWo iterations, jr = 0.3) | _iterations, jr = 0.6)
F8 -6485.51 -5.00E+03 -6.89E+03 -5373.22498 -6042.693347 4.63E-05 3.22E-05
F9 0.829156 57.4648 45.4497 0 0.399523619 0 0
F10 2.71E-14 18.9865 0.3678 2.38E-15 2.29E-14 2.95E-15 3.16E-15
F11 0.002528 585.2326 0.0106 0 0.000695076 0 0
F12 0.01656 38.3626 0.0436 0.024157791 0.014152909 0.025972166 0.026559906
F13 0.187988 3.59E+04 0.0044 0.469542436 0.159633587 0.279378168 0.354853232
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TABLE V. AVERAGE NUMBER OF EVALUATIONS REQUIRED FOR CONVERGENCE ON UNIMODAL FUNCTIONS
QOGWO QOGWO
Function GWO EQ.OGVYO IGWO (250 iterations, | (250 iterations,
(250 iterations) . .
jr =10.3) jr =0.6)
F1 49900 37540 49900 32466 39918
F2 49900 37260 49900 32118 39792
F3 49900 37376 49898 32522 39826
F4 49900 37382 49900 32306 39892
F5 49892 37628 49896 32188 39942
F6 49900 37540 49896 32316 39980
F7 37738 20810 38862 19538 22936
TABLE VI AVERAGE NUMBER OF EVALUATIONS REQUIRED FOR CONVERGENCE ON MULTIMODAL FUNCTIONS
QOGWO QOGWO
Function | GWO EQOGWO IGWO | (250 iterations, | (250 iterations,
(250 iterations) o o
jr =0.3) jr =0.6)
F8 49544 30540 46596 21192 21340
F9 23900 4642 21460 6832 5442
F10 21122 11398 21322 12848 11804
F11 17312 5298 16418 7474 6064
F12 49898 37408 49898 32404 39962
F13 49894 37422 49900 3.24E+04 39796
TABLE VIL MEAN FITNESS RANK OF ALGORITHMS IN
UNIMODAL FUNCTIONS TABLE X. MEAN RANK OF ALGORITHMS BASED ON
NUMBER OF EVALUATIONS ON MULTIMODAL
Algorithm Mean rank FUNCTIONS
(I}\}VV(? 3'771 43 Algorithm Mean rank
PSO 52857 GWO 4.5833
FGOGTG i EQOGWO L6667
IGWO 3.8571 .
OGWO QOGWO 2
. Q . ; 2.8571 (250 iterations, jr = 0.3)
(250 iterations, jr = 0.3)
QOGWO
QOGWO SR 2.3333
. . . 2.1429 (250 iterations, jr = 0.6)
(250 iterations, jr = 0.6) P-value 0.00089091
P-value 0.00044692 -
TABLE VII. MEAN FITNESS RANK OF ALGORITHMS IN The algorithm rankings are summarized below:
MULTIMODAL FUNCTIONS . . . .
e Mean fitness rank in unimodal functions (Table VII):
Algorithm Mean rank EQOGWO achieved the third-best ranking, after QOGWO
GWO 3.6667 with jr =0.6 and QOGWO with jr =0.3.
IWO 6.6667
PSO 4.3333 e Mean fitness rank in multimodal functions (Table VIII):
EQOGWO 3 EQOGWO achieved the best performance, alongside
IGWO 3 IGWO.
QOGWO 35
(250 iterations, jr = 0.3) i e Mean rank based on evaluations required to converge in
50t QIWO 6 3.8333 unimodal functions (Table IX): EQOGWO achieved the
iterations, jr = 0. _ 1 ir =
Povalue 0043791 second-best performance after QOGWO with jr = 0.3.
e Mean rank based on evaluations required to converge in
TABLE IX. MEAN RANK OF ALGORITHMS BASED ON 3 : . :
NUMBER OF EVALUATIONS ON UNIMODAL FUNCTIONS multimodal functions (Table X): EQOGWO achieved the
best performance.
Algorithm Mean rank Lo
GWO 45 Based on these findings, we conclude that the best
EQOGWO 2 application of the EQOGWO is in multimodal optimization
IGWO 4.5 problems. However, we observed that it still outperforms the
QOGWO 1 original GWO and IGWO in unimodal optimization problems.
250 ltegnol(gs’]or =03) Therefore, for black box optimization problems with unknown
(250 iterations, jr = 0.6) 3 fitness landscapes, EQOGWO is a strong choice.
P-value 1.826E-05 In this study, we consider the antenna optimization problem

as a black box optimization problem with an unknown fitness
landscape, making EQOGWO well-suited for the task.
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V. ANTENNA PERFORMANCE

The antenna was designed in four stages, with each
geometry iteration aimed at improving the dual-band
performance of the overall structure at 2.6 GHz and 3.5 GHz.

A. Single Antenna

1) Rectangular Patch

The rectangular patch was designed using (1)-(4). The
resultant structure is shown in Figure 3, and the corresponding
dimensions are tabulated in Table XI. The S-parameter plot is
illustrated in Figure 4.

dimensions were as tabulated in Table XII. The S-parameter
behavior is illustrated in Figure 6.

TABLE XI. DIMENSIONS OF THE RECTANGULAR PATCH
Parameter Value (mm)
L, 20
W, 28
L 6
W 1
Ls 22.353
Wr 11.5
A
5
A Ws
9 > <
v
5
e '\.
/ v
: Port
v /
m..\ 3
Wif ™
Fig. 3. Geometry of initial rectangular patch.
0.00 S Parameter Plot for Rectangular Patch &
2503 e
—5.00*; ==
~ -1.505
Z10.00 /
£.12.50] \ /
\ /
-15.00 =
E| \ /
-17.503
20,00 \
2250 ‘ ‘ : ; i i =
2.00 2.25 2.50 2.75 3.00 3.25 3.50 3.75 4.00
Freq [GHz]
Fig. 4. Si1 plot of the initial rectangular patch.

2) Patch with Open Square Slots

When open slots were introduced into the rectangular patch
and the structure was optimized to operate at 3.5 GHz, the
resultant geometry was as shown in Figure 5 and the

TABLE XII. DIMENSIONS OF THE RECTANGULAR PATCH
WITH SLOTS
Parameter Value (mm)
L, 18
W, 26
L 6
W, 1
Ly 22.353
Wy 115
Ly, 6.9437
A
5
Ln
5
A
ﬁI Ws
—p <+
\4
(v, Vi
N\
| Port
|
T ——
/
WR_~
Fig. 5. Geometry of patch with slots.
S Parameter Plot around 3.5GHz &
-2.50 g——— ———
-5.005
-7.507 \
Z10.00 \
%1250 \\ /
] /
$-15.00 \\ /
-17.50 E \\ /
-20.007 \/
22:30; 00 3.20 3.40 3.60 3.80 4.00
Freq [GHZ]
Fig. 6. Si1 plot of the patch with slots.

Introducing the open slots resulted in a lower return loss at
3.5GHz. Miniaturization was also achieved, as indicated by the
values of L, and W,.. This is because the slots lengthen the
current path leading to the lowering of the resonant frequency
when everything else remains unchanged.

3) Patch with Open Square Slots and L-Shaped Parasitic
Element

When the L-shaped parasitic element was introduced to the
slotted patch, the resultant geometry was as shown in Figure 7,
and the corresponding dimensions are tabulated in Table XIII.
The S-parameter behavior is illustrated in Figure 8.
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TABLE XIII. DIMENSIONS OF PATCH WITH SLOTS AND
PARASITIC ELEMENT
Parameter Value (mm)
L, 18
W, 26
L 6
W, 1
L, 6.9437
L, 9
W, 3.8
Ly, 22
Le 22.353
Wy 11.5
W 5
g 1
Lp2
I s
°
N
s » o
Wp<_
¢g Ln
A
A Ws
—> <+
[ e
- AN
/N
| Port
|
o w—l
/
WR v

Fig. 7. Geometry of patch with slots and parasitic element.

4) Introduction of a Folded Defected Ground Structure

When the DGS, whose geometry is shown in Figure 9, was
introduced on the ground plane and optimized for operation at
2.6 GHz and 3.5 GHz, the resultant dimensions were as
tabulated in Table XIV. The S-parameter behavior was as
shown in Figures 10 and 11.

TABLE XIV. DIMENSIONS OF THE DGS OBTAINED USING

S Parameter Plot of Dual Band Structure A

-22.50 T ; T ; . | :
2.00 225 2.50 2.75 3.00 3.25 3.50 375 4.00
Freq [GHz]

Fig. 8. S11 plot of the patch with slots and parasitic element.

As observed from the S-parameter plot in Figure 8,
introducing the L-shaped parasitic element introduces an
additional resonant mode at 2.6 GHz. This new resonant mode
requires further matching.

EQOGWO
Parameter Value (mm)
Ly 13.15757
W, 4.654382
L, 2
w, 4.88364
W, 2.342865
Xy 32.00553
Y 18.95985
o
* <
W2
o e,
L2
>
w3 w1
Fig. 9. Ground plane with DGS.

Figure 10 shows that when the non-uniform inverted U-
shaped (DGS) is introduced, the S;; value at 2.6 GHz is
reduced to —-20dB. This redaction indicates that the
incorporation of the DGS effectively enhances the impedance
matching of the antenna at 2.6 GHz, leading to improved
overall performance.

S11 Plot at 2_6GHz for Antenna with DGS A
=| | s e
\\ //
\\ /’
\\ //
/
1/
\ /’
\\\ ///
\/
22.00 2.20 240 2.60 2.80 3.00
Freq [GHz]
Fig. 10.  Sy; plot at 2.6 GHz with DGS introduced.

Figure 11 shows that the S11 value at 3.5 GHz decreases
further when the DGS is introduced. This reduction
demonstrates that the incorporation of the DGS effectively
enhances the impedance matching of the antenna at 3.5 GHz.
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S11 Plot at 3_5GHz for Antenna with DGS A
0.007
5004
21000 / =
71500 j
m ] /
5-20.00 /
-25.00
=0.00750 3.20 3.40 3.60 3.80 4.00
Freq [GHz]
Fig. 11. Sy plot at 3.5 GHz with DGS introduced.

When the EQOGWO was used to optimize the antenna, a
simulated S;; value of —20.4 dB at 2.6 GHz and -25.69 dB at
3.5 GHz was achieved in 9 iterations and 96 full-wave
evaluations. For comparison, the original GWO achieved an Sy,
value of —19.1686 dB at 2.6 GHz and —14.0674 dB at 3.5 GHz
in 23 iterations and 138 evaluations. The EQOGWO therefore
led to a more efficient optimization process, requiring fewer
full-wave evaluations. The convergence curve in Figure 12
shows a comparison between the antenna optimization using
EQOGWO and GWO. The fitness was computed using (5).

Antenna Optimization Convergence Curve

15
10
5
& 0
L 5
£ 10
i 15
-20
-25
-30

1 3 5 7 9 1 13 15 17 19 21 23 25 27 29

Iteration
==——=EQOGWO ====GWO
Fig. 12.  Convergence curves for single-element antenna optimization.

B. Two-Element Antenna Structure

A two-element configuration was also modeled in HFSS, as
shown in Figure 13, with the edge-to-edge distance between
the first and second antennas being 4 mm.

0 100 200 (mm)

Fig. 13.  Two closely arranged antennas.

1) Operation at 2.6 GHz

Figure 14 shows that when two antennas of the proposed
structure without DGS are closely placed, Si;1 at 2.6 GHz is
affected and goes above the desired maximum value of -10 dB,
indicating increased impedance mismatch.

S parameters at 2.6 GHz for 2 antennas without DGS A
dB(S(1,1))

dB(S(1,2))
dB(S(2.2))

0.007
__-2.50
%, -5.00
» -7.507
Q E
$10.00%
£-12.50 1
5-15.007
Q 3
(/)-1 7.50 3 B I

-20.00 7

225050 2.20 2.40 2.80 3.00

4 2.60
Freq [GHZ]

Fig. 14.  S-parameters around 2.6 GHz without DGS.

Figure 15 shows that introducing the DGS lowers Si; below
-10 dB, improving matching.

0.00 S parameters at 2.6 GHz for 2 antennas with DGS A
250 - aB(S(1.1)
g 20" — dB(S(1.2)
=2 '5-00’5 — dB(S(2,2))
%] E
k5 -7.50 ]
°E>—1 O'OOE
12,50
8.15.00
[ \ _—
17505 ———— \ —
200955 2.20 2.40 260 280 3.00
Freq [GHz]
Fig. 15.  S-parameters around 2.6 GHz with DGS introduced.

2) Operation at 3.5 GHz

Figure 16 shows that when two antennas of the proposed
structure without DGS are closely arranged, S;; at 3.5 GHz is
affected but does not go above —10 dB.

S parameters at 3.5 GHz for 2 antennas without DGS A
E dB(S(1,1))
dB(S(1,2))
dB(S(2,1))
dB(S(2.2))
2259 00 3.20 3.40 3.60 3.80 4.00
Freq [GHZ]
Fig. 16.  S-parameters around 3.5 GHz without DGS.

Figure 17 shows that introducing the inverted U-shaped
DGS results in improved impedance matching at 3.5 GHz,
confirming the effectiveness of the proposed antenna design.
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S parameters at 3.5 GHz for 2 antennas with DGS A

.00 3.20 3.80 4.00

3.40 3.60
Freq [GHz]

Fig. 17.  S-parameters around 3.5 GHz with DGS introduced.

Table XV compares the structure, footprint, and Si
performance of our design with recent related work.

TABLE XV.  COMPARISON OF THE PROPOSED ANTENNA
WITH RELATED WORK
Size of single Freq S
Ref Structure radiatin | iy
element (n%m) (GHz) (dB)
Rectangular patch
[23] with L slot and 47.74 x 69.77 2.7 -23.5
DGS
Rectangular patch
[24] with U-shaped 14.5 x 38.22 2.4 -26.88
DGS
Rectangular patch
with slots,
[25] rectangular DGS, 11.38 x 11.38 6 <-10
and rectangular
parasitic elements
Slotted
Proposed | rectangularpatch |, 4 o6 |96 35 | 0, 25
design with L parasitic
element and DGS

Similar to our approach, in both [23] and [24], the initial
design is a rectangular microstrip antenna, with DGS and slots
of various shapes used to enhance antenna performance. These
designs are well matched at 2.7 GHz and 24 GHz,
respectively. Our proposed design on the other hand is dual-
band, operating at 2.6 GHz and 3.5 GHz. The footprint of our
structure is smaller than that in [23] but larger than that in [24]
due to the additional resonant mode achieved using the L
parasitic element. The structures proposed in [25] have smaller
footprints because of the higher operating frequency.

In summary, introducing open slots onto the rectangular
patch lengthens the current path, lowering the resonant
frequency, which can also be interpreted as miniaturization.
The quarter-wave L-shaped parasitic element resonates at 2.6
GHz, introducing a second resonant mode, as seen in Figure 8.
The objective function in (5) used to iteratively design the
inverted U-shaped DGS ensures impedance matching at 2.6
GHz without causing mismatch at 3.5 GHz, explaining the
observations in Figures 10 and 11. Placing two antennas close
to each other, as in Figure, causes impedance mismatch due to
coupling via surface waves. Without the DGS, the reflections
caused by the mismatch raises the S-parameters above the
desired maximum limit (Figure 14). With the DGS introduced,
there is improved matching and the S-parameters are at the
desired levels (Figures 15 and 17).

VI. CONCLUSION AND FUTURE WORK

In this study, a non-uniform inverted U-shaped Defected
Ground Structure (DGS) and an Efficient Quasi-Oppositional
Grey Wolf Optimizer (EQOGWO) were used to design and
optimize a compact dual-band antenna operating at 2.6 GHz
and 3.5 GHz. The dimensional diversity metric was employed
to dynamically determine the QOGWOQ's jumping rate,
improving the efficiency of the optimization process. The
antenna was simulated using Ansys HFSS, a Finite Element
Method (FEM)-based electromagnetic solver. The designed
antenna attained a simulated S;; value of —20 dB at 2.6 GHz
and —25.69 dB at 3.5GHz, meeting the target of a maximum of
—10 dB within the operating frequency ranges. Compared to
the Grey Wolf Optimizer (GWO), the EQOGWO achieved
comparable or better results with fewer evaluations for both
benchmark functions and the antenna optimization problem.

A limitation of the iterative approach used to design the
DGS-based antenna is that, for more complicated structures,
full-wave evaluations can become even more computationally
expensive. In future work, an analytical approach that provides
physical insight may be incorporated to make the design
process more intuitive and efficient, for example, when
designing additional DGS-based decoupling structures for
multi-element antennas.
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